accumulation' (NCA) to emphasize the differences between the behavior described in Isoëtes 47 and that in xerophytic CAM plants. Further investigations of NCA in Isoëtes have demonstrated 48 a high degree of plasticity. For example, Isoëtes howellii exposed to atmospheric CO2 levels 49 while growing terrestrially tend not to accumulate carbon nocturnally, while I. karstenii 50 accumulates carbon regardless of environment, demonstrating that this behavior can be 51 facultative or constitutive7-9. Since CAM serves as a carbon concentrating mechanism, CAM-like 52
NCA in Isoëtes has been assumed to be a response to low carbon availability in aquatic 53 ecosystems2,6-9,12,18. In eutrophic lakes hypocarbia is present only during the day because of 54 diurnal photosynthesis and nocturnal respiration of aquatic algae and macrophytes; in 55 oligotrophic lakes hypocarbia is generally continuous10-12. But, the theory that nocturnal carbon 56 accumulation in aquatic plants is an adaptation to carbon limitation has hitherto remained largely 57 hypothetical and correlative6-12. Furthermore, NCA in Isoëtes has been regarded as an adaptation 58 by extant lineages to these selection pressures7,18, rather than, as we suggest, an adaptation early 59 in this ancient lineage, inherited by recent descendants. 60 61
To test the hypothesis that NCA is a direct response to carbon starvation, we grew 62 terrestrial plants of two Isoëtes species in environmentally controlled growth chambers, starved 63 plants of atmospheric CO2 during the day and sampled plant pH from multiple plants for 24-64 hours. Diurnal hypocarbia induced diel acidity cycles in terrestrial Isoëtes engelmannii like those 65 observed in xerophytic CAM plants and submerged aquatic Isoëtes (Fig. 4c ). This provides 66 direct evidence that CO2 starvation can induce CAM-like NCA in Isoëtes, and supports the 67 hypothesis that CO2 limitation is a selective pressure on this behavior in extant Isoëtes species7-68 11,13,18. Moreover, the induction of NCA in terrestrial Isoëtes by atmospheric CO2 starvation may 69 support the hypothesis that CAM-like photosynthesis evolved early in terrestrial Isoetalean 70 lineages in the Carboniferous in response to globally low atmospheric CO2 levels, not more 71 recently in response low aquatic CO2 levels2,7-11,13,18. 72 73
In our first series of field measurements from May to September, we measured morning 74 and evening pH in Isoëtes engelmannii leaves, roots, and corms, monthly. ( Fig. 1a; Fig. 2 ). We 75 found that in the field, submerged plants of I. engelmannii accumulated carbon on a diel cycle 76 ( Fig. 2; Fig 3) . The mean morning pH of the leaves throughout the summer was 3.71 and the 77 mean evening pH was 4.90 ( Fig. 2 ). Non-photosynthetic organs (roots and corms) did not 78 accumulate carbon nocturnally ( Fig. 3) ; corms: mean morning pH 5.94, mean evening pH 5.97; 79 roots: mean morning pH 6.32, mean evening pH 6.36 ( Fig. 3 ). Upon recession of the shoreline in 80
July, many of the plants were left growing terrestrially, exposed to atmospheric conditions ( Fig.  81 1). In the plants growing terrestrially, pH had higher variability ( Fig. 1d; Fig 3) , the difference 82 between morning and evening pH was insignificant (Fig. 2 ). This supports prior observations 83 that I. engelmannii accumulates carbon nocturnally only when submerged7. 84 85
For lab manipulations, we collected I. engelmannii from the same population measured in 86 the field as wells as specimens of I. tuckermanii, a related species that generally grows 87 completely submerged. All plants collected were brought into the lab and cultivated in climate-88 controlled growth chambers. Under ambient CO2 levels the diel pH variation of submerged 89 individuals of I. engelmannii was similar to submerged individuals in the field (Fig. 4a ); leaf 90 mean morning pH was 4.58, and mean evening pH was 5.81. Submerged plants of I. tuckermanii 91 had a less dramatic diel shift in pH, compared to I. engelmannii (Fig. 4a, 4d ), mean morning pH 92 was 3.89, and mean evening pH was 4.70. When emergent, as expected from the field 93 experiments, individuals of I. engelmannii no longer displayed a diel shift in pH; (Fig 4b; Fig. 2 ); 94 mean morning pH was 5.31, mean evening pH was 5.46. Isoëtes tuckermanii, however, showed a 95 more dramatic diel change in pH, when emergent ( Fig. 4e ); mean morning pH was 4.15, mean 96 evening pH was 5.84. These results demonstrate different NCA behavior in these two species, as 97 has been previously documented in Isoëtes7. I. engelmannii induces nocturnal carbon 98 accumulation when submerged but not when emergent, while I. tuckermanii demonstrated 99 constitutive NCA, with similar diel variation in pH irrespective of water depth, and only a slight 100 increase in NCA when emergent compared to when submerged. 101 102
We next grew the plants with diurnal CO2 starvation and nocturnal enrichment to mimic 103 the CO2 conditions in a eutrophic lake. Isoëtes engelmannii individuals grown under these 104 conditions again showed a diel cycle in pH similar to that observed in the submerged specimens 105 in lab and field ( Fig. 2; 3a; 3c ). For instance, in two independent experiments, we measured a 106 mean morning pH of 4.69, mean evening pH was 6.37 (Exp. 8); mean morning pH 4.85, mean 107 evening pH 6.18. The magnitude of pH change in the terrestrial plants grown under diurnal CO2 108
starvation was similar to that in submerged plants in the field experiments, though slightly 109 dampened ( Fig. 3; Fig 4c) . This may be due to the fact that predawn CO2 concentrations in the 110 field in eutrophic lakes and ponds can exceed 2500ppm10, and the maximum CO2 enrichment 111 during our experiment approximated ambient atmospheric concentrations of 400 ppm. (Fig. 3c ). 112 113
When grown under these manipulated CO2 conditions, I. tuckermanii continued to show 114 nocturnal carbon accumulation ( Fig. 1c; Fig. 3f ) with a mean morning pH of 4.12, and a mean 115 evening pH of 5.98. The pH fluctuation of I. tuckermanii during diurnal hypocarbia did not differ 116 from that of the terrestrially growing plants in ambient CO2 (Fig. 3e ), suggesting that this species 117 is obligate in its NCA. Unlike I. engelmannii, the individuals of I. tuckermanii we examined had 118 no stomata, a possible explanation of this constitutive behavior. These results provide a possible 119 explanation for the plasticity of NCA in the genus Isoëtes observed in the past7,12. Moreover, we 120
show that laboratory-based experimental modification of natural conditions can replicate field 121 conditions and that carbon starvation imposed on terrestrial plants in the lab produces a diel 122 change in pH comparable to the change observed in submerged aquatic plants. 123 124
Prior discussions of the adaptive significance of NCA in Isoëtes have focused on aquatic 125 CO2 limitation as a selective force2,6-12,18. Our experiments now show that terrestrial carbon 126 limitation has the same effect. Low atmospheric CO2 was a notable feature of the 127
Carboniferous,15-17 a time when Isoetalean lycopsids formed a substantial part of the terrestrial 128 flora. In the Carboniferous atmosphere14-17, a carbon concentrating mechanism that increased 129 carbon gain and minimized the photorespirative loss of energy and carbon in a high oxygen/low 130 CO2 atmosphere would have been particularly advantageous. Given that we induced NCA in 131
terrestrial Isoëtes (Fig 3c) , and that this behavior is observed in many Isoëtes species7,12,18, it 132 seems likely that NCA evolved in the early Isoetalean lycopsids during the low atmospheric CO2 133 conditions of the Carboniferous period. If so, NCA in extant aquatic Isoëtes would represent an 134 exaptation of a much older metabolic behavior rather than a more recent adaptation to low 135 aquatic CO2 levels. Final determination of the evolutionary timing of NCA in Isoëtes requires 136 more complete consideration of the temporal variation and selective pressures of local aquatic 137 and global atmospheric CO2 levels, as well as the distribution of this behavior in extant Isoëtes 138 species. Quantification of NCA at the species level across the genus Isoëtes will require further 139 phylogenetic and physiological work7,18,20. Examining a broader range of Isoëtes species and 140 using phylogenetic comparative methods may reveal varied appearances in NCA throughout the 141 extant genus7,18, just as CAM has been found to evolve many times in xerophytic plants13,19. 142 143
Our results presented here do support the hypothesis that NCA in Isoëtes was an early 144 evolutionary behavior, not a specialized or derived adaptation7,18. NCA appears throughout the 145 vascular plant tree, including among ferns, lycophytes, and angiosperms and may have evolved 146 as much as 350 million years before CAM appeared late in the Miocene13. Therefore, it seems 147 reasonable to consider NCA to be the major photosynthetic pathway for carbon concentration of 148 which CAM is a more recent offshoot representing an adaptation to dry environments. This view 149 seems to better reflect the evolutionary sequence and significance of these behaviors .  150  151  152  153  154  155  156 Samples were resuspended by mixing using a vortex mixer at maximum intensity for 10 seconds, 230
followed by centrifugation at 10,000 rpm for 10 seconds. The supernatant was carefully 231 extracted using a pipette, and placed on the Horiba LAQUAtwin pH-22 meter, for pH readings. 232
The pH was measured twice from each sample to ensure accuracy of the reading. The pH meter 233 was cleaned with deionized water and allowed to drt between each sample. The pH meter was 234 recalibrated between each time point using pH 4 and 7 standardized buffers. 235 236
Isoëtes engelmannii specimens collected in the field throughout summer 2018 in Lake Myosotis 237
were cultivated in growth chambers in the Weld Hill Research Building of the Arnold Arboretum 238 of Harvard University. In addition, populations of I. tuckermanii already growing in the 239 greenhouse (collected from the NW shore of Lake Mattawa, in Orange, MA, 42°34'11.9" N 240 72°19'34.1" W), were used in the growth chamber experiments. For 2 months, plants were grown 241 fully submerged at ambient CO2 levels (~400ppm), at 20˚C, with a 12-hour photoperiod, 242
15µmolm-2 photosynthetically active radiation. While submerged pH was measured on a diel 243 cycle following the field protocol (see above). Containers were then drained of water, and the 244 plants were allowed to acclimate for 1-3 days. While plants were terrestrial under ambient CO2 245 levels pH was measured every 3-5 hours for 24 hours following the aforementioned protocol. 246
Plants were then moved to a growth chamber set to a diel cycle of atmospheric CO2: Figure 1 : a: Lake Myosotis study site during average water levels for most of the year. b: Lake Myosotis in July when water levels drop. c exposed plants of I. tuckermanii in lab conditions. d: exposed plants of I. engelmanii in situ. 274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318 
